Abstract: Displacement Talbot lithography (DTL) is a new technique for patterning large areas with sub-micron periodic features with low cost. It has applications in fields that cannot justify the cost of deep-UV photolithography, such as plasmonics, photonic crystals, and metamaterials and competes with techniques, such as nanoimprint and laser interference lithography. It is based on the interference of coherent light through a periodically patterned photomask. However, the factors affecting the technique's resolution limit are unknown. Through computer simulations, we show the mask parameter's impact on the features' size that can be achieved and describe the separate figures of merit that should be optimized for successful patterning. Both amplitude and phase masks are considered for hexagonal and square arrays of mask openings. For large pitches, amplitude masks are shown to give the best resolution; whereas, for small pitches, phase masks are superior because the required exposure time is shorter. We also show how small changes in the mask pitch can dramatically affect the resolution achievable. As a result, this study provides important information for choosing new masks for DTL for targeted applications.
Introduction
Periodic organisations of structures are useful for the creation of devices in many different fields such as plasmonics [1] , photonic structures [2] or metamaterials [3] . Existing techniques are capable of easily patterning periodic sub-micron features, but each has their advantages and disadvantages. Deep-ultraviolet immersion lithography using a 193 nm excimer laser is widely used in industry and is capable of achieving a resolution of 14 nm [4] , and extreme ultraviolet (EUV) sources with a wavelength of 13.2 nm are on the horizon to further decrease the minimum feature sizes [5] . However, the very high cost of these techniques limits their penetration into lower volume industries and research organisations. Electron beam lithography is versatile and can achieve very high resolutions (< 10 nm), but the cost is prohibitive for full wafer patterning due to the long patterning time [6] . However, reaching such high resolutions is not necessary for all applications.
Alternative cheaper nanopatterning methods have become available in recent years. Nanoimprint lithography is a promising technology for large-area patterning of features below 10 nm [7] . Thanks to the mechanical pattern transfer, the resolution is not limited by an optical system. However, the main drawback is the lifetime of the 3D master mould. Another approach is to use interference lithography, in which coherent sources of electrons [8] or photons [9] interfere, creating a periodic array of intensity. Since maintaining control of the sources before they interfere with each other can be a challenge, a solution is to derive the multiple sources close to the region of interference through diffraction from a periodic mask.
Displacement Talbot lithography is a recently developed technique for patterning large areas with sub-micron periodic features [10] . It is an extension of Talbot lithography, which uses the three-dimensional interference pattern created when monochromatic light diffracts through a periodic mask. Coherent light passing through a mask patterned with a periodic structure creates different diffraction orders that subsequently interfere causing a self-imaging of the mask. This phenomenon is well-known and called the Talbot effect [11] . Characteristic of the interference pattern is its repeating nature along the axis perpendicular to the mask, with a spatial period called the Talbot length. By itself, this interference pattern is difficult to use for photolithography directly due to the size and complexity of the pattern. However, introducing a displacement during a photolithography exposure along the axis perpendicular to the mask integrates the optical field and solves these problems. This technique is called Displacement Talbot Lithography (DTL) and has the advantage of a theoretical infinite depth of field [10] . The main disadvantages of this technique are: 1) the low contrast between exposed and unexposed regions on the sample due to the mixing of the self-image and other secondary constructive interference features, and 2) the restriction to simple periodic features. Nevertheless, the illumination process will not be sensitive to surface roughness, or imperfect parallelism between the mask and the sample, or the depth of field; all important parameters in conventional photolithography. Recently more complex periodic structures have also been obtained using DTL [12] as well as sub-wavelength patterning [13] .
Applications of this new patterning approach include metamaterials [3] , III-V semiconductor photonic materials in the form of core-shell structures [14] and nanotube cavities [15] ; neuronal network formation [16] and nanoimprint master creation [17] . The minimum feature size that can be achieved is dependent on the source wavelength, with 125-300 nm features having been achieved for a near-UV laser source [18] and 75 nm features for a deep-UV source [19] . However, for any particular source wavelength, the resolution limit of this new lithography method has not yet been reported in the literature. Having a better understanding of such a limit will permit a greater use of this fast, cheap and flexible lithography technique.
In this paper, we analyse the resolution limit using the results from computer simulations of the intensity pattern seen by the sample, where the model has first been validated through a comparison of simulated results with existing experimental data. As a result, we determine the smallest feature size achievable as a function of the mask parameters, such as whether it is a phase or amplitude mask, the mask pitch and the feature diameter. Thanks to this comparison between experiment and modelling, the conditions required to optimize the resolution will be discussed.
Modeling of DTL

Simulation of aerial image
A MATLAB computer model was developed to simulate the operation of a DTL machine (PhableR 100, EULITHA) in which the light source is a 375 nm UV laser. The optical system generates a plane wave illuminating a conventional lithography mask at normal incidence so that the light arriving at the mask is homogenous, unpolarised, and in phase. The complex field distribution has been represented by a scalar field. It allows the calculation of any field distribution in any plane parallel to the mask, by the use of a free-space propagation method realised in Fourier space [20] . Both amplitude and phase masks are considered in the modelling, and any impact of the metal or phase shift layer thickness on the electric field has been neglected. Consequently, contributions from the different mask regions propagating behind the mask are given amplitudes of 1 and 0 for a chrome amplitude mask and 1 and −1 for a phase mask.
Experimentally, the integration of the three-dimensional light field has been realized 100 µm away from the mask, therefore Fraunhofer conditions can be applied in the subsequent modelling to calculate the three-dimensional light field behind the mask, known as the Talbot carpet. The Fourier transform of the mask generated is calculated as well as the 2D spatial wave vectors in the plane of the mask. All 3D wave vectors can be determined by knowing at each step of the integration the vertical position of the photo-sensitive layer. The electric field amplitude at a specific coordinate is calculated by applying the inverse Fourier Transform to the combination of the 3D wavevectors, the Fourier transform of the mask and the depth positions [9] . The electric field is then multiplied by its conjugate to obtain the surface light intensity. Figure 1 shows the results for the modelling of an amplitude grating with a periodicity of 600 nm and 200 nm openings. Figure 1(a) shows a cross-section in the x-z plane and illustrates the classical Talbot effect. By moving the sample through an integer number of Talbot lengths, ( )
( p is the pitch on the mask and λ is the laser wavelength), the intensity seen by the photoresist is integrated to remove the z-dependence as shown in Fig. 1(b) . To ensure accurate integration within the simulation, a vertical step resolution of 1/100 of the Talbot length is sufficient for a small pitch mask (less than twice the laser wavelength), but this is insufficient for larger pitches due to the greater complexity of the Talbot carpet, since it is generated from a higher number of diffraction orders. Therefore, a step resolution of 1/200 has been chosen. A further increase in resolution only increases the computational time with no change in the simulated pattern. The resulting intensity in the x-y plane that will be transferred into the resist, called the aerial image, is shown in Fig. 1(c) . The 600 nm pitch grating mask results in a 300 nm period grating on the sample. 
Definition of parameters on aerial image
The computer simulations allow the aerial image to be determined for any mask, which is important since the results are not intuitive. As a function of the pitch, the filling factor and the nature of the mask, the aerial image evolves dramatically. This study has focused on two types of mask: square and hexagonal arrangements of circular features. Since the results from these two structures are quite similar, we primarily discuss the results for the hexagonal patterns, with the results from the square masks presented in the appendices. Figure 2 shows the simulation of the aerial image for a 1.5 µm pitch hexagonal amplitude mask with 800 nm openings. This mask pattern has the feature that it creates an aerial image with the same hexagonal pattern. The aerial image is then transferred into the resist, and in order to understand the size of the resist features that can be created, we define three figures of merit in order to compare the aerial images from different masks: 1) the theoretical width of the pattern achievable, 2) the relative intensity of the background, and 3) the relative intensity of the maximum of the unwanted features within the images, which we call the secondary maxima. The latter two figures of merit are relatively easy to define by referring to the aerial image in Fig. 2 
Impact of mask design on figures of merit
Using the computer model that has been developed, the influence of different parameters on the resolution has been analysed. Amplitude and phase masks have both been modelled for a range of pitches and mask feature sizes. Whilst amplitude masks are commonly used due to their cost and ease of manufacture, phase masks can improve the resolution of classical lithography. Therefore, it is important to understand whether the same is borne out for DTL.
Amplitude mask
Simulations of the aerial images were generated for mask pitches between 0.5 and 3.2 µm and mask opening diameters from 20 nm to 90% of the pitch with a resolution step of 20 nm in order to allow a good understanding of the impact of the different parameters on the aerial image. The integration was performed over four Talbot lengths to prevent artefacts arising from the grid definition. From the aerial images, the theoretical width, the relative background of intensity and the maximum of the secondary patterns were determined and these have been plotted in Figs. 4(a)-4(c) , respectively, as a function of the pitch and feature diameter of the mask. Figure 4 (a) shows that the smallest features are obtained when the mask openings are smaller than the wavelength. With these feature sizes, the diffraction can be considered to arise from an array of point sources with hemispherical wavefronts. However, the transmission is highly reduced for subwavelength holes, where the transmission ( )
A second valley giving small features also appears for a filling factor of 50% though the theoretical width achievable is not quite as small. Sharp vertical and horizontal lines are also apparent along this valley where the minimum feature size abruptly decreases with increasing size. These appear periodically at multiples of the laser wavelength as a result of the incremental addition of further diffraction orders as the wavelength is increased. The plot of the relative intensity of the background in Fig. 4(b) shows that the background is lower for smaller mask openings. Thus, the highest resolution features can simultaneously be achieved with having a low background.
In contrast to the previous two figures of merit, the plot of the relative intensity of maximum of secondary patterns (Fig. 4(c) ) is not as simple. Low maxima of the secondary patterns (dark blue regions in Fig. 4(c) can be obtained in two cases: for small mask openings and particular pitches, or for masks with a filling factor of 33%. This specific value can be explained by diffraction theory. Indeed, in the case of gratings, the disappearance of some diffraction orders can occur if the ratio of the grating width on the period is a rational fraction. The same phenomenon is appearing here with a 2D mask. By tuning the diameter opening, some diffraction orders can be canceled, and so reduce the importance of the secondary pattern. Furthermore, for small mask openings, all the diffraction orders are represented and more or less have the same amplitude. This can explain why the resolution is improved in Fig.  4(a) . ough the colou . In Fig. 5(a) 
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One of the benefits of DTL is being able to vary the exposure dose to create a large range of feature diameters; a phenomenon that arises from the shape of the intensity peaks in the aerial image. For example, the 1.5 μm hexagonal amplitude mask with 800 nm openings allows a range of features in resist from 250 -650 nm; thus demonstrating the flexibility of DTL. For this purpose having a low background and a less pronounced secondary pattern are more important factors than the resolution and these are better satisfied with phase masks.
By comparing Figs. 4-6, it can be seen that for mask pitches smaller than two wavelengths, both phase and amplitude masks achieve the same resolution. In this case, a phase mask would be preferred because of the higher transmission through the mask, leading to a shorter illumination time. For higher pitches, an amplitude mask would offer the smallest features, but at the expense of a long exposure time.
Conclusion
Displacement Talbot Lithography is a new lithography method that can pattern periodic features across a large area quickly and cheaply. The conditions to reach the smallest features with DTL are not trivial and in certain situations conflict with the optimisation of other figures of merit that influence the lithography process. For a specific i-line resist, the impact of the pitch and the size of the openings on the mask has been found and analysed not only on the minimum size feature achievable, but also the sensitivity of the resolution, the background, and the unwanted secondary pattern intensities. This study shows how sub-100 nm features can be achieved with DTL across large areas with conventional i-line resists and illumination. This limit is substantially below other classical photolithography methods using the same illumination wavelength.
Appendices
Experimental data
Silicon wafers were coated with a bottom antireflective layer (Wide 30, Brewer Science) prior to a 240 nm positive resist (Ultra i-123 diluted from 800 nm as supplied). The wafers were exposed via DTL using a hexagonal amplitude mask with either a 1.5 μm pitch and 800 nm mask openings or with a 1 μm pitch and 550 nm openings. The Talbot length associated with these masks are 8.80 μm and 3.80 μm, respectively (the section 6.2). A Gaussian velocity integration was applied and a travel distance of 8 Talbot lengths was chosen to ensure homogenous integration over several Talbot motifs. Multiple series of illuminations were realized to ensure a high reproducibility of the process: 70 to 100 mJ/cm 2 for 1.5 μm, and 130 to 180 mJ/cm 2 for 1 μm, with 10 mJ/cm 2 step. The wafers were immersed for 210 s in the developer (MF CD26). This development time was chosen to reach a 10% contrast in the resist profile calculated thanks to the Dills model [24] [25] [26] .
The statistical data on the feature diameters in Fig. 3 was determined from image analysis of 3 SEM pictures per sample. The pictures were consistently taken around the center of the wafer and the magnification was chosen to observe around a hundred features in one picture.
Hexagonal mask modeling
The non-primitive unit cell size for a hexagonal organization has a specific characteristic: one cell edge is 3 larger than the other. Due to this being an irrational number and the use of matrices in MATLAB, a rounding error will occur during the definition of the matrix size. This error can be mitigated by increasing the resolution without sacrificing the computational time. Furtherm not the neares So the Tal
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Discussion
For square mask, the smallest feature will be obtained with the amplitude mask but the secondary pattern intensity is significant and could even be critical. In square phase mask, for large openings, the secondary patterns are not going to as high as the hexagonal case, with reasonably small features being achievable. So for the patterning of square array, a phase mask will be a better choice for a high resolution with limited parasitic effect. 
